The three dimensional quantitative structure activity relationship (3D QSAR) models were developed using Comparative molecular field analysis (CoMFA), comparative molecular similarity indices analysis (CoMSIA) and docking studies. The fit of Quinazolinone antifolates inside the active site of modeled bovine dihydrofolate reductase (DHFR) was assessed. Both ligand based (LB) and receptor based (RB) QSAR models were generated, these models showed good internal and external statistical reliability that is evident from the q 
Introduction
Dihydrofolate reductase enzyme catalyzes the reduction of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF) by stereo specific hydride transfer from the NADPH cofactor to the C 6 atom of the Pterin ring with concomitant protonation of N 5 atom. DHFR plays a central role in the maintenance of cellular pools of THF and its derivatives which are essential for Purine and Thymidine synthesis and hence for cell growth and proliferation. This enzyme has been the target of important anticancer drugs and antibiotics.
1,2 Quinazolinone skeleton is a frequently encountered heterocyclic moiety in medicinal chemistry with applications including antibacterial, 3 analgesic, 4 anti-inflammatory, 5, 6 antifungal, 7 anti malarial, 8 anti hypersensitive,
9
CNS depressant, 10 anticonvulsant, 11 antihistaminic and local anesthetic, 12 anti Parkinson's, 13 antiviral 14 and anticancer.
15
S.T. Al-Rashood et al. 16 synthesized and tested the biological activities of Quinazolinone molecules on bovine DHFR, but the docking studies were done on hDHFR. Since the pharmacological activities of the inhibitors were determined on the bovine DHFR, the enzyme should be bovine DHFR instead of human DHFR (hDHFR) for performing molecular modeling studies. Based on this statement bovine DHFR was considered for our study. The difference between the bovine and human DHFR was an incremental change in the amino acid chronological order. Docking studies were performed on modeled bovine DHFR, in order to investigate the interactions between the inhibitors and the target, bovine DHFR was modeled using mouse DHFR as a template. In this study, lower energy conformation with atom fit alignment (ligand-based LB) and docking conformation (receptorbased RB) were used to build 3D QSAR models. Partial least square (PLS) 17, 18 based statistical analysis was carried out on 44 molecules to identify the correlation. The contour maps generated enabled us to design new molecules.
Experimental Section
FASTA sequence of bovine DHFR residues with accession code of P00376 was retrieved from swiss-port database server. 19 The sequence when subjected to the basic local alignment search tool (BLAST) by setting the server to search the protein data bank. 20 Sequence identity, E values (a statistical measure) and secondary structure similarities were used as constraints during the selection of the template. Pair wise alignment was carried out with Clustal X to define conserved regions, identities, similarities and differences, between the target and the template. 21 The mouse DHFR shared a sequence similarity of 88% with bovine DHFR with identical sequence of amino acids except for the increase in one digit in the chronological order of the amino acids. The active site of the hDHFR represents Ile-7, Ala-9, Trp-24, Glu-30, Gln-35, Asn-64, Arg-70, Val-115, Tyr-121 and Thr-136 and bovine DHFR active site is represented by Ile-8, Ala-10, Trp-25, Glu-31, Gln-36, Asn-65, Arg-71, Val-116, Tyr-122 and Thr-137. 22 The homology models were generated using MODELLER 8v2. 23, 24 The low energy conformation of the protein structure of bovine DHFR was analyzed with PROCHECK, 25 Verify 3D 26, 27 and PROSA.
28,29
The built model with > 80% sequence similarity with the template is equivalent to the low resolution X-ray crystal structure. 30 The active sites of both the crystal structure and modeled protein had similar binding pockets, bovine DHFR was considered for molecular docking.
A set of 44 molecules with reported IC 50 values for inhibition of bovine DHFR activity, 16 were taken and converted to corresponding pIC 50 values ( Table 1) . The dataset was divided into training set of 36 molecules and test set of 8 molecules. All molecular modeling calculations were performed on Linux operating system. Three dimensional structure building and all modeling studies were performed using Sybyl 6.9 molecular modeling program package. 31 Gasteiger-Huckel 32 charges were assigned and then energy minimization of each molecule was performed using conjugate gradient method and tripos standard force field 33 with a distance dependant dielectric function. The minimization was terminated when the energy gradient convergence criterion of 0.001 kcal/mol/Å was reached. [34] [35] [36] The protein was minimized using conjugate gradient method and tripos standard force field was applied after adding all hydrogen atoms. The minimization was terminated when the energy gradient convergence reached to 0.05 kcal/mol/Å. FlexX 37 was used for molecular docking. The analysis of dock poses of all the molecules showed limited interactions with the active site residues with amino acids like ASN65 and ARG71. Ligand based alignment was based on the lowest energy conformation of molecule 23 in the series. The receptor based alignment process is a standard rigid RMSD overlay of selected common structural motive, where the docked poses of the most active molecules was used as template onto which the data set was aligned. 38 The alignment was done using ALIGN DATABASE command in Sybyl 6.9 taking the substructure that is common to all (Fig.  1 ). The resultant alignment is shown in Figure 2 . Standard Tripos force field was employed for the Comparative Molecular Field Analysis (CoMFA) 39 and Comparative Molecular Similarity Indices (CoMSIA) 40, 41 analysis. A 3D cubic lattice overlapping all entered molecules and extended by at least 4 Å in each direction with each lattice intersection of a regularly spaced grid of 2.0 Å was created. The steric and electrostatic parameters were calculated in case of the CoMFA fields, while hydrophobic, H-bond acceptor and H-bond donor parameters in addition to steric and electrostatic were calculated in case of the CoMSIA fields at each lattice. A sp 3 hybridized carbon atom was used as a probe atom to generate steric (Lennard-Jones potential) field energies and a charge of +1 to generate electrostatic (Coulombic potential) field energies. A distance dependent dielectric constant of 1.00 was used. The steric and electrostatic fields were truncated at +30.00 kcal/mol. The similarity indices descriptors were calculated using the same lattice box employed for CoMFA calculations, using sp 3 carbon as a probe atom with a +1 charge, +1hydrophobicity and +1 Hbond donor and +1 H-bond acceptor properties.
A partial least squares regression was used to generate a linear relationship that correlates changes in the computed fields with changes in the corresponding experimental values of biological activity (pIC 50 ) for the data set of ligands.
Biological activity values of ligands were used as dependent variables in a PLS statistical analysis. The column filtering value (s) was set to 2.0 kcal/mol to improve the signal-tonoise ratio by omitting those lattice points whose energy variations were below this threshold. Cross-validations were performed by the leave-one-out (LOO) procedure to determine the optimum number of components (ONC) and the coefficient q 2 . The optimum number of components obtained is then used to derive the final QSAR model using all of the training set compounds with non-cross validation and to obtain the conventional correlation coefficient (r 2 ). To validate the CoMFA and CoMSIA derived models, the predictive ability for the test set of compounds (expressed as r 2 pred ) was determined by using the following equation:
SD is the sum of the squared deviations between the biological activities of the test set molecules and the mean activity of the training set compounds. PRESS is the sum of the squared deviation between the observed and the predicted activities of the test set compounds. Since the statistical parameters were found to be the best for the model from the LOO method, it was employed for further predictions of the designed molecules. The designed molecules were also constructed, minimized and docked into the protein active site, as mentioned above.
Results and Discussion
This section has been divided into discussion of the results from homology modeling, active site identification, QSAR results, contour map analysis and designing of new molecules.
During this study no crystallographic data for bovine DHFR was available. Sequence homologous to bovine DHFR having 187 amino acid residues was obtained from the BLAST server with corresponding E values for mouse being 3.0 × 10 −94 and for human as 6.0 × 10
. A low Evalue indicates a high protein sequence identity. 42 The mouse DHFR (pdb id: 2FZJ; 2.5 Å) was taken as the template protein based on E-value and maximum sequence alignment. Alignment of bovine DHFR protein with the template protein gave a sequence identity of 89% and a sequence similarity of 93%.
The initial homology models were generated using MODELLER 8v2. A Ramachandran contour plot of phi (Φ) verses Psi (Ψ) (backbone dihedral angles) for the modeled low energy conformer of bovine DHFR protein, along with plot statistics is shown in Figure 3 . Among the 187 amino acids, 128 were in the most favored region, 31 residues in additionally allowed region, 0 residues in generously allowed and one in the disallowed region excluding glycine and proline. This shows that the model generated was stereo chemically valid.
The PROSA II server gave pair wise energy and surface energy values based on the mean force potential (a distance based pair potential) as a function of amino acid sequence. Amino acid residues with negative PROSA energies are more reliable and most of the amino acid residues of bovine DHFR had negative energies. The overall Z-score was −8.86 when compared with the Z-score of −8.71 for the template. Sequence similarity > 80% between the template and the target is equivalent to medium resolution NMR or low resolution crystal structure, that can be used directly for docking small molecules into the protein active site.
30 Active site residues of the bovine DHFR were obtained from NCBI database and further confirmed by SITEID option in Sybyl 6.9. Receptor description file (RDF) was created within the area of 5.0 Å around the active site cavity. The active site residues include ILE-8, ALA-10, TRP-25, GLU-31, GLN-36, ASN-65, ARG-71, VAL-116, TYR-122 and THR-137.
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Six different set of quinazolinone core molecules (shown in Table 1 along with IC 50 and pIC 50 values) were docked into the active site, they showed maximum two hydrogen bond interactions with the active site residues. The 3D QSAR CoMFA and CoMSIA analysis were carried out using quinazolinone derivatives reported as potent inhibitors for bovine DHFR.
16 Molecules having precise IC 50 values were selected and the molecules that did not show interactions with the protein active site (via docking) were removed from the dataset. A set of 44 molecules were used for derivation of model, these were divided into training set of 36 molecules and test set of 8 molecules.
The CoMFA and CoMSIA statistical analysis are summarized in Table 2 . Statistical data shows q predictive ability of the molecules are provided in Table 3 .
To visualize the information content of the derived 3D QSAR models, CoMFA and CoMSIA contour maps were generated. The contour plots are the representation of the lattice points and the difference in the molecular field values at lattice points, strongly connected with difference in the receptor binding affinity. Molecular fields define the favorable or unfavorable interaction energies of aligned molecules with a probe atom traversing across the lattice plots suggesting the modification required to design new molecules. The contour maps of CoMFA denote the region in the space were the molecules would favorably or unfavorably interact with the receptor, while CoMSIA contour maps denote areas within the specified region where the presence of a group with a particular physicochemical property binds to the receptor. The CoMFA and CoMSIA results were graphically interpreted by field contribution maps using the 'STDEV COEFF' field type. Compound 23 the most potent inhibitor among the series was displayed on the maps for visualization. Figure 5 (a)-(d) shows the contour maps for LB and RB CoMFA and CoMSIA steric fields with default 80 and 20% level contributions, steric maps of these two models were similar. In the steric contours green and yellow represent favorable and unfavorable respectively.
Yellow contour near R 1 substituent indicates steric bulk would decrease the activity and green contour near R 2 substituent indicates steric favored region that accentuates the inhibitory activity by increasing the bulkiness. This is evident from the activity variations seen in different structures. Compounds 21-25 have maximum activity due to presence of methyl group as R 2 substituent. Where as in compounds 16-20 the presence of hydrogen atom a less bulky group has decreased the activity. To satisfy the steric bulkiness at this region, glutamic acid has been substituted that showed maximum hydrogen bond interactions with the active site, hence increasing the activity.
Electrostatic contour maps for both LB and RB CoMFA are shown in Figure 6 (a) & (b) with field contributions of 90 and 10% for favored and disfavored respectively. The blue and red contours depict the position where positively charged groups and negatively charged groups would be beneficial to inhibitory activity. This can be depicted in the compound 21-25 where CH 3 group has been introduced on the core structure 3 in the positive favorable contour at region B are better than, respectively compound 16-20. There is a disparity between the LB and RB CoMFA in the red contour region. There is a large red contour found around the region B in the LB CoMFA suggesting an electronegative group will increase the activity. In contrary to the LB CoMFA the red contour has been shifted away from this region in RB CoMFA, suggesting a flipping in methylene group for better interaction with the receptor binding site.
The hydrophobic fields were represented in Figure 7 (a) & (b) with field contributions of 90 and 10% for favored and disfavored respectively. Yellow and white contours highlighted areas where hydrophobic and hydrophilic properties were preferred respectively. A large yellow patch at R 2 substituent in core 3, suggesting a hydrophobic group like a methyl increases the activity. The phenyl group at R 1 in core 3 is protruding into the hydrophilic region that would decrease the activity of the molecules. Suggesting an hydrophilic group at this region would still increase the activity. This was taken care while designing the new molecules where small hydrophilic groups like C 2 H 5 OH, CH 3 NH 2 and CH 3 COOH were used to replace phenyl ring, inorder to increase the activity. Hydrogen bond acceptor contour maps for both ligand and receptor based CoMSIA models are shown in Figure 7 (c) & (d) with filed contributions of 90 and 10% for favored and disfavored respectively. The red contour indicates disfavored for hydrogen bond acceptor and purple indicates favored for hydrogen bond acceptor hence the presence of CH 3 group in region B of core-3 at red contour showed highest activity.
The detailed contour map analysis of both CoMFA and CoMSIA models empowered us to identify structural requirements for the observed inhibitory activity. The analogues were designed to improve the inhibitory activity. The best active molecule has been taken as a reference structure to design new molecules (Fig. 8) and to obtain new potent inhibitors. The newly designed analogues when docked into the protein active site showed increased (6) hydrogen bond interactions (GLN36 (2), VAL116, TYR122, ASN65 (2)) with the active site and showed better dock score and predicted activity with respect to the reference compound (Table 4) .
In Figure 9 , Q 6 molecule was embedded into the QSAR contours in the modeled protein overlapped with the template, showing hydrogen bond interactions with the active site amino acids. The predicted IC 50 values were calculated using the reverse formula of pIC 50 .
IC 50 = e −2.303 × pIC 50
It was found that the IC 50 values calculated had an increased activity ranging from 3 fold to 13 fold with respect to the reference molecule.
Conclusion
Bovine DHFR was modeled using mouse DHFR template having 89% sequence identity, this model has been validated using PROCHECK and PROSA II. The docking methodology has been used as a tool to explain the binding affinity of the newly designed molecules, both LB and RB methods are appropriate to build 3D QSAR models of quinazolinone derivatives. The established models showed good q 2 and r 2 pred values. Factors affecting the inhibitory activities are investigated by combining the contour maps and the results are in good accordance and complementary to each other. Bulky and hydrophobic groups at R 2 and small hydrophilic group at R 1 are preferred. The designed molecules based on these parameters showed better activity than the reference molecules, which indicates the 3D QSAR model generated has a good predictive ability and can be used to design potent inhibitors. All these results yield reliable and precious information for further structure based drug design optimization.
